The filtration performance of a geotextile is controlled by its pore opening size distribution ͑PSD͒. Current methods for determining PSD are mostly indirect and contain inherent disadvantages. Recent technological advancements in image analysis offer great potential for a more accurate and direct way of determining the PSD of nonwoven geotextiles. A new and accurate method of image analysis for PSD determination of nonwoven geotextiles is presented in this paper. The image analysis method was developed using various mathematical morphology algorithms to provide a complete PSD curve for each geotextile. The two characteristic pore opening sizes, O 95 and O 50 , were determined from image analysis and were compared to the results from laboratory tests, analytical equations, as well as manufacturer's reported apparent opening sizes ͑AOS͒. The image-based O 95 pore opening size of various geotextiles was comparable to the manufacturer's reported AOS as well as to those determined from the laboratory dry sieving test. However, the measured O 50 pore opening size was lower than the one determined using the analytical equations developed by two previous researchers. Overall, the image analysis method presented provides a unique and accurate method that can measure fiber thickness and pore opening sizes in a cross-sectional image of a woven geotextile.
Introduction
Geotextiles are permeable geosynthetics comprised of plastic polymers. They are used in a variety of geotechnical applications. One of their main functions is filtration that allows for adequate water flow with limited migration of soil grains across the plane of the geotextile. There are two major groups of geotextiles based on the method of manufacturing: woven ͑fibers woven by weaving machines͒ and nonwoven ͑fibers matted together in a random manner͒. A number of methods have been developed to determine the pore opening size distribution ͑PSD͒ of nonwoven geotextiles, which is important for determining their function as a filter medium, i.e., their potential for clogging and soil retention when in contact with a variety of soils. However, most of the current methods only provide an indirect way of determining PSD and contain inherent disadvantages. Among the two direct methods available, the dry sieving test and image analysis, the dry sieving test is more commonly used because an ASTM standard ͑ASTM D 4751͒ is available for this test method ͑ASTM 2001͒. The dry sieving test provides a direct way of measuring apparent opening sizes ͑AOS͒, i.e., O 95 ͑Giroud 1996͒; however, recent studies have shown that the smaller pore opening sizes may impact the filtration performance of a geotextile significantly, and a complete PSD curve should be determined ͑Fischer et al. 1990; Fischer 1994; Aydilek 2000͒ . The dry sieving test is far from providing a complete curve because the accuracy of the test for pore opening sizes smaller than 90 m is questionable, primarily due to various artifacts in the method.
The image analysis method is rarely used in PSD determination of nonwoven geotextiles because of lack of a proven procedure. Most of the existing image analysis methods are based on a two-dimensional approach using planar views of the geotextile ͑i.e., in the plane of the geotextile͒ and manually counting the number of different pore opening sizes. Thus, a PSD curve obtained by this approach is the PSD of an analyzed planar surface not representative of the variation of the pore opening sizes through the thickness of the geotextile. Some methods use crosssectional views of a geotextile, i.e., normal to the plane of the geotextile ͑Masounave et al. 1980; Elsharief and Lovell 1996͒;  however, these image analysis methods are mostly operatordependent because of the operational procedures of the commercially available image analyzers used.
Existing research has shown that there is a need to develop a better approach for determining the PSD of geotextiles ͑Rollin et al. 1982; Lombard and Rollin 1987; Bhatia et al. 1993; Elsharief and Lovell 1996; Dierickx 1999͒ . In response to this need, a new image-based PSD determination method has been developed for nonwoven geotextiles and is presented in this paper. The method uses planar and cross-sectional views to capture the 3D structure of a nonwoven geotextile. The method consists of three steps: specimen preparation, image analysis, and pore opening size determination. The image analysis method was developed using various mathematical morphology algorithms to determine geotextile pore opening sizes. The two characteristic pore opening sizes, O 95 and O 50 , were determined using the information provided by the image analysis. Finally, the measured values were checked against the manufacturer's reported AOS values and the values of the two characteristic pore opening sizes based on laboratory tests and analytical equations.
Materials

Geotextiles
Twelve different types of nonwoven geotextiles were analyzed; however, only five, covering a wide range of apparent opening sizes (O 95 ) and permittivity, are presented. The geotextiles were selected from the ones most often used in filter applications. Two of the five had been previously used by Smith ͑1993͒ to evaluate various PSD determination methods. The physical and hydraulic properties of the geotextiles are given in Table 1 .
Methodology
Specimen Preparation
The 3D structure of nonwoven geotextiles causes difficulties in capturing pore structures from 2D images. Planar and crosssectional thin sections are necessary to provide detailed information. The thin sections of the five geotextiles investigated in this research were prepared following the procedures generally used for preparing thin sections of soil and rock.
The thin-sectioning process involved planar sections as well as sections normal to the plane of the geotextile. The latter ones are termed cross sections. From each geotextile type, three specimens were prepared, with each specimen including three crosssectional and one to two planar sections ͑underlying planar sections͒ ͑Fig. 1͒. The preparation of thin sections required a series of sequential steps: epoxy-resin impregnation, cutting, grinding, lapping, and polishing ͑Aydilek 2000͒. Buehler epoxide ͑Buehler, Lake Bluff, Ill.͒ low viscosity resin and hardener were used for impregnation of nonwoven geotextiles. Twenty five by twenty five mm geotextile specimens were air dried at room temperature ͑20°C͒ for 24 h and were placed in square molds with a flat bottom surface. Five parts by weight of resin was mixed with one part by weight of hardener, and the mixture was slowly transferred into the mold using a syringe. The curing time of the epoxy-resin mixtures was approximately 7-8 h at room temperature.
Cured blocks were taken out of the molds and cut by a trimming saw with a Buehler continuous rim diamond cut-off blade. The impregnated block was then ground to a thickness of approximately 25 mm using a series of 125, 70, and 30 m resinbonded diamond grinding discs ͑Buehler Ultra Prep diamond grinding discs͒. The blocks were then bonded to microscope slides using an epoxy and cured in the bonding press overnight. A Wards-Ingram thin section cut-off saw was used to cut the blocks along the planes shown in Fig. 1 . Water was used as the cutting fluid. The final thickness of the sections was approximately 700 m after two series of cutting.
The cut sections were ground to a thickness of 450 m using a Wards-Ingram rotational thin section grinder. The lapping process, sometimes called ''planar grinding,'' is primarily used to eliminate any marks left from surface grinding. A silicon carbide grit powder, 17.5 m in size, was used as the abrasive for the lapping process in a Logitech LP-30 production lapping machine. The time of lapping was dependent on the specimen type but generally ranged from 20 to 45 min. After the process, the average specimen thickness was 200 m, with a uniformity of 2 m. Success of the lapping process is highly critical, because it removes the deformed layer caused by grinding and excess fine particles on the surface. This ensures a relatively uniform surface, which is highly necessary to obtain accurate measurements on the images. The polishing of specimens is essential for quantitative measurements in image analysis. Three stages of polishing were performed using a Struers Planapol-3 automatic polisher, with each stage lasting approximately 15 min. A mixture of a diamondpolishing compound and polycrystalline suspensions with four different diameters was used. Polycrystalline diamond polishing abrasive is spherical in shape, and it has a greater number of cutting facets than monocrystalline diamond, therefore reducing subsurface deformation. After a number of trials, a process was developed involving three steps of polishing with minimization of the artifacts on the specimen surface. The polished specimens were then analyzed under a low magnification light microscope to ensure that a smooth and clean surface was obtained for image analysis.
Image Analysis
Image Capturing from Thin Sections of Nonwoven Geotextiles Pore structure images of nonwoven geotextiles were captured using an optical light microscope. The microscope had a 30 ϫ25 mm workstation platform and a 0.7 to 7X macro zoom lens coupled with an image-capturing program called Pixeria. The microscope provided a magnification level of up to 140X. An Olympus digital camera ͑C-35AD-2͒ was attached to the microscope that sent the captured images to Pixeria. Zoom ratios of 5 and 2.75 and resolutions of 1,260 by 960 pixels and 640 by 480 pixels were used for planar and cross-sectional images, respectively. The corresponding pixel size was approximately 4.8ϫ10 Ϫ3 mm and 9.4ϫ10 Ϫ3 mm for the planar and cross-sectional images, respectively. Magnification ͑objective͒ ratio was 0.5X for all specimens. The specimens were illuminated from the bottom. This bright field illumination method was preferred as proposed by Jang et al. ͑1999͒. The light intensity was adjusted so that the background pixels had grayscale values of 255 ͑i.e., pure white͒. Fig. 2 shows planar and cross-sectional images of geotextile P captured by this method.
Thresholding
In image processing, thresholding is particularly important to differentiate the background from the image objects of interest. The pixel value histograms of the images of nonwoven geotextiles exhibit a bimodal behavior ͓Fig. 3͑a͔͒. This bimodal pixel value distribution is indicative of the inherent binary nature for these images. Therefore, the decision of developing the relevant image processing algorithms on binary geotextile images is consistent with the original nature of the captured images. Furthermore, gray-scale imaging techniques were not employed because trying to perform the measurements for PSD determination on graylevel images instead of binary images would have increased the computational complexity of the proposed algorithm with no obvious merit.
A bimodal histogram implies that the gray-level pixel values are arising from a mixture of two subpopulations, and by selecting a proper threshold value in between the two peaks of the marginal distributions of these subpopulations, pixels belonging to those subpopulations can be distinguished. The subpopulation centralized around smaller pixel values ͑i.e., darker gray levels͒ represents the geotextile fibers; whereas, the subpopulation centralized around larger pixel values ͑i.e., brighter gray levels͒ represents the pore openings. Chow and Kaneko ͑1971͒ approximated the histogram of such an image by the sum of two Gaussian distributions and obtained the threshold by minimizing the classification error with respect to the selected threshold value. In their subsequent paper, Chow and Kaneko ͑1972͒ successfully applied this method to detect the cardiac area on chest X-rays. Nakawaga and Rosenfeld ͑1979͒ used this approach, considering the local bimodalities, to test television images of machine parts and were successful. The method is also recommended by other researchers ͑Sahoo et al. 1988; Gonzalez and Woods 1992; Henstock and Chelberg 1996͒. Threshold values were obtained for the nonwoven geotextile images using the methods described by Chow and Kaneko ͑1971͒. Two Gaussian distributions were fitted to the observed bimodal curves. The best fit to the curve was assured by minimizing the mean square error of the data. The intersection point at the bottom of the valley was selected as the optimal threshold, according to the suggestions of Kapur et al. ͑1985͒ . Fig. 3͑b͒ shows threshold determination by this method. A short code was written in Matlab to automate the method.
Histograms of some of the images exhibited bouncing values ͓Fig. 4͑a͔͒, and this created problems for the thresholding algorithm. This was due-to a combination of artifacts in the specimen and the microscope used. For instance, a few of the geotextile specimens were contaminated during the grinding process. The polishing process eliminated these artifacts to a large extent; how- ever, some of it still remained. If such artifacts were observed, a 1D median filter applied to the histogram data was used to obtain a smooth histogram ͓Fig. 4͑b͔͒. This filter is frequently used in signal processing applications to eliminate spurious noise in the form of positive or negative spikes superimposed on the desired signal. Figs. 5͑a-b͒ show the images of geotextile P before and after the thresholding operation.
Morphological Filtering of Thresholded Images
The thresholding operation produced a binary image. Because the marginal distributions of the pixel values representing the geotextile fibers and the pixels representing the pore openings overlapped in the original gray-level image, the thresholding operation, being a hard-decision process, introduced a certain amount of noise into the binary image produced. Instead of employing an elaborate thresholding operation ͑possibly using a locally adjusted signal-dependent threshold parameter͒, a baseline thresholding operation with a carefully selected threshold parameter ͑based on the pixel value histogram͒ was chosen. It was applied and augmented with filtering against noise. This noise was most prominent in the fiber-pore boundaries and manifested itself in the form of tiny pore openings in fiber threads or tiny fiber chunks within the pores. These noise features are meaningless in terms of PSD calculations; however, the presence of a significant number of them would have resulted in erroneous PSDs. A composite morphological filter was applied to the thresholded binary image to eliminate these spurious objects. This composite filter consisted of a sequential application of one step of the opening operation and then one step of the closing operation with the same structuring element ͑described later in this section͒. In mathematical morphology, a structuring element ͑SE͒ is a template designed to detect or modify certain shape features of the signal under consideration. To be used in conjunction with the noise-cleaning filter, square-shaped 3ϫ3 and 2ϫ2 sized structuring elements were employed for the cross-sectional and planar section images, respectively. The choice of the size of SE depends on the typical size of the noise features.
The size of noise representing the foreground and background objects in the thresholded geotextile images is fundamentally dependent on the resolutions at which these images are captured. Clearly, capturing high-resolution images most likely decreases the level of noise. On the other hand, the choice of resolution for image capturing is the outcome of a tradeoff between the necessity of accurately representing the relevant structures ͑pores and geotextile fiber streaks͒ and the desire to reduce computational complexity and time. The resolution values ͑different for planar and cross-sectional cut images͒ adopted herein were chosen after considering this tradeoff. At the adopted image-capture resolutions, through an initial careful inspection of thresholded geotextile images, the maximum bounding sizes of noise representing image objects were determined. These sizes were approximately 2ϫ2 and 3ϫ3 pixel regions for planar and cross-sectional cut images, respectively. For eliminating the noise in this context, isotropic structuring elements are required. The choice of squareshaped structuring elements is due to the fact that they constitute the best discrete approximations to circular structures on 2ϫ2 and 3ϫ3 grids, i.e., isotropic on a 2D uniform sampling grid. Because the noise representing binary image objects ͑foreground and background͒ did not exhibit any particular shape or orientation, an isotropic structuring element with a size determined on the basis of the maximum bounding size for noise representing objects was the best choice for the purpose. Any smaller structuring element would have led to increased levels of residual noise, i.e., insufficient filtering against noise; whereas, larger structuring elements would have destroyed genuine image structures, in particular at locations where acute angles or narrow foreground or background objects might exist. Distortion effects introduced by the use of improper structuring elements are particularly hard to quantify automatically because it requires an intelligent process to distinguish between noise and noise-like features, and then, respectively, identify the residual noise features or the modifications induced on desired image features. Although a tedious manual inspection and analysis for assessing the consequences of using other structuring elements is possible, this work was not considered within the scope of this paper.
The opening operation used as part of the morphological filtering is a sequential application of an erosion operation followed by a dilation operation ͑i.e., openingϭerosionϩdilation͒, both using the same structuring element. Erosion eliminates irrelevant pixels in the image and erodes the contour of objects with respect to the template defined by the structuring element. On the other hand, dilation ͑referred to as dilatation͒ has the reverse effect of erosion, because dilating objects is equivalent to eroding the background. The opening operation eliminated all foreground objects, in this case fiber-like formations, which are strictly smaller than the SE employed. As a result of the opening operation, noise features looking like tiny fiber chunks within the pore openings were eliminated.
A closing operation, i.e., a morphological dual operation, was applied on the output image of the opening operation. The closing operation is a sequential application of a dilation operation followed by an erosion operation ͑i.e., closingϭdilationϩerosion͒, both using the same structuring element. The closing operation eliminated all background objects, in this case pore-like structures, which are strictly smaller than the SE employed. Therefore, as a result of the closing operation, noise features looking like tiny pore openings embedded in fibers were eliminated. A detailed description of opening and closing operations can be found in Aydilek ͑2000͒.
As a result of this morphological filtering process, the fiber and pore openings of the geotextile specimen could be identified much more easily. Fig. 5͑c͒ shows the image of geotextile P after the filtering operation.
Verification of Threshold Values
Histograms of the thresholded images resulted in two peaks at the two ends, pure black and pure white of the gray-level axis ͑i.e., at a gray-level value of 0 and 255, respectively͒, and were similar to the histograms of threshold natural images ͑Gonzalez and Woods 1992͒. Further verification of the described thresholding method was performed in two ways. First, the local thresholding technique, a method suggested by Jang et al. ͑1999͒, was adopted. Local sections in the image, being representative of the entire image, were selected and thresholded at a trial threshold value, and the 2D porosities were determined. The average of the local porosities were then compared with the porosity of the entire image thresholded at a different threshold value. These trials were repeated until the two threshold values matched, and the average porosity of the local sections was equal to the global image porosity.
Secondly, the planar view porosities were determined manually and compared with image-based porosities. For this purpose, planar section images were enlarged and printed on cardboard equipped with 0.75 mm by 0.75 mm square grids. The squares within the open areas were counted, and 2D porosities were determined by dividing the counted area by the area of measurement. This process is similar to percent open area determination of woven geotextiles, and, if performed carefully, the results are repeatable. As seen from Fig. 6 , the porosities of the images thresholded using the proposed algorithm are, in general, comparable to the manually determined ones as well as the ones thresholded using the local thresholding technique.
The thresholding algorithm described above was used for the images of all geotextiles. An exception was geotextile N, which required a special algorithm. This geotextile is a heat-bonded nonwoven geotextile unlike the others, and its relatively thin fibers created problems in thresholding ͑Fig. 7͒. An edge-detection operation was necessary to clearly identify the fibers before thresholding. Initial attempts showed that widely used edge-detection algorithms ͑e.g., Sobel, Prewitt, and Roberts operators and the Canny algorithm͒ are not applicable for the images of geotextile N. Therefore, this geotextile was eliminated from the testing program, and only widely used needle-punched geotextiles were considered. 
Representativeness of Cross-Sectional Images
The model is mainly based on the analysis of cross-sectional images. If porosity and PSD based on planar section images are nearly the same throughout the entire thickness of a geotextile, then cross-sectional slices can be used to investigate the continuity of various pore openings through the thickness of the geotextile. In that way, cross-sectional images can provide the necessary information about the 3D pore structure. To demonstrate this, porosity and PSD of parallel surficial slices of the geotextiles were determined using an algorithm developed in Imaq, an image analysis software working under LabVIEW. The algorithm is based on the shape equivalence method, and a brief description of the algorithm is given in a later section. The 2D porosity and PSDs obtained from the planar section images of two underlying slices of the analyzed geotextiles were very close to each other. Fig. 8 is given as an example of the process performed on geotextile P. Therefore, it was concluded that the cross-sectional images would be representative of the geotextile pore structure, and they were used for the analysis of the pore opening sizes. Masounave et al. ͑1980͒ reported consistent findings substantiating that the cross-sectional images could represent the PSD of a geotextile medium reasonably well.
Slicing
To provide information about the pore opening size distribution of cross-sectional images, a slicing operation is necessary. A new algorithm was developed to slice the cross-sectional images in an optimal fashion.
The number of slices ͑sometimes referred as confrontations͒ was determined by dividing the geotextile thickness by mean fiber thickness. The iterative procedure described herein positioned the slices in such a way that the slicing grid was best aligned with the horizontally oriented fiber segments observed in the crosssectional image. Once the slicing grid was optimally positioned, the 2D porosity of each slice was calculated. This 2D slice porosity was determined along the length of the slice and therefore was named ''longitudinal porosity.''
The flow chart of the slicing algorithm is given in Fig. 9 . Figs. 10͑a-h͒ illustrate the steps of the slicing algorithm applied to the cross-sectional image of geotextile P. For visual clarity, a segment of the image was magnified and shown in these figures. There are two fundamental stages of the slicing algorithm:
• the determination of mean fiber thickness at capture-resolution of a cross-sectional image and generation of the uniform slicing grid; and • the determination of the optimal position of the uniform slicing grid on the cross-sectional image. The slicing algorithm accepts as its input the thresholded and morphologically filtered cross-sectional image of a geotextile ͓for instance, the image of geotextile P shown in Fig. 5͑c͔͒ . In the binary image, by default, the pixels associated with fiber and pore regions had values of 0 ͑black͒ and 1 ͑white͒, respectively. Because the fibers of the geotextile had to be processed by the slicing algorithm for the fiber-thickness determinations, the complement of this binary image was taken ͑i.e., inverted͒ to make the Fig. 10͑a͒ shows a segment of the inverted cross-sectional image of geotextile P.
After the thresholding and inversion processes, the horizontally oriented fiber streaks were identified. This information was needed to determine the mean fiber thickness as well as to optimally position the slicing grid. To respond to this need, symmetrical thinning and pruning operations were employed. These operations reduced the horizontally directed single-fiber-thick streaks to one pixel wide horizontal lines facilitating their consequent detection. Based on previous experience, for a fiber thickness of k pixels, (k/2) and ((kϪ1)/2) times the symmetrical thinning and pruning operations would be sufficient for the even and odd values of k, respectively. In the simulations, two consequent symmetrical thinning and pruning operations were applied using a 2 ϫ2 SE, because preliminary observations showed that the mean fiber thickness k was about four pixels. Morphological symmetrical thinning reduces objects in a binary image to their skeletons passing through their medial axes without altering the connectivity properties of these objects, i.e., in a topology-preserving manner. In particular, it achieves this by peeling off a single layer of boundary pixels each time it is applied. On the other hand, the pruning operation trims the hair-like protrusions formed after symmetrical thinning. These protrusions occur either along ragged edges or at the corners of objects as an artifact of the symmetrical thinning operation. Therefore, each application of the symmetrical thinning operation is usually followed by a consequent application of pruning. Between the two different possible realizations of the symmetrical thinning and pruning processes, cascade and parallel realizations, cascade realizations were adopted for both of the processes because of the ease of implementation ͑Aydilek 2000͒. The resulting binary image after the thinning and pruning operations is shown in Fig. 10͑b͒ .
A matched filter was used to detect the locations of one pixel wide horizontal lines on the image of Fig. 10͑b͒ . This matched filter was implemented by a 2D convolution operation followed by a table look-up process. The convolution operation, which is a linear filter, employed a 3ϫ3 kernel designed to generate a particular response when it overlapped objects with the desired features. The consequent look-up table simply annihilated all convolution output values except for those associated with the desired features. Fig. 10͑c͒ shows the output image obtained after the convolution operation.
Two consequent dilation operations were performed on the convoluted image by employing a 3ϫ3 SE. The number of dilation operations ͑i.e., in this case it was two͒ should coincide with the number of symmetrical thinning operations employed. The dilation operation marked vertical stripes centered around the horizontal fiber streaks, which constitute the image features processed. Fig. 10͑d͒ shows the image of geotextile P after the dilation operations.
The binary image shown in Fig. 10͑d͒ was then multiplied by the original input image in Fig. 10͑a͒ . This operation masks the original input image in such a way that only the details in the vicinity of strictly horizontally directed fiber streaks remain visible, as shown in Fig. 10͑e͒ . Finally, mean fiber thickness was determined by dividing the total pixel size of fibers ͑white objects͒ by the number of fibers.
The information provided by the mean fiber thickness calculations was used to construct an optimal slicing grid. A uniform slicing grid was defined by dividing the image into horizontal slices, with each slice having a thickness equal to the mean fiber thickness. The uniform slicing grid ͑i.e., mask͒ shown in Fig.  10͑f͒ was vertically ͑cyclically͒ rotated one pixel row at a time, and after each rotation, the mask was multiplied with the image of Fig. 10͑c͒ to find the resulting total white pixel count in each slice. This count was a measure of how well the uniform slicing grid was aligned with horizontally directed fiber streaks such that the medial axis of these streaks are coincident with the center of the slices. Fig. 10͑g͒ shows an image from this cyclic rotation process. The cyclical rotation was continued until obtaining the best alignment. The best alignment was defined as the maximum white pixel count in each slice. Once the best alignment was determined, this optimal slicing grid was used to slice the original input image ͓Fig. 10͑h͔͒.
Optimal slicing of the image is imperative as it determines the degree of uniform porosity distribution along the image. Only the segment of the image that gave uniform slice porosities was used for the calculation of PSDs. In most cases, this segment corresponded to 95% of the cross-sectional image.
Pore Opening Size Distribution Determination from Cross-Sectional Images
The calculated slice porosities from the cross-sectional images were almost uniform throughout the entire depth ͑i.e., thickness of the geotextile͒ and were comparable to the porosity determined from the planar section images, as shown in Fig. 11 . The results summarized in Figs. 8 and 11 verify the assumption that porosity and PSD information obtained from the images of underlying planar sections ͑parallel surficial slices͒ of a geotextile is uniformly valid throughout the depth. However, in most cases, a maximum of two underlying planar sections could be obtained; therefore, the use of cross-sectional images would be preferable because they represent the PSD of a geotextile medium reasonably well. The cross-sectional image includes pores and fibers ͑Fig. 12͒ and can be treated as a 2D random field. A stationary distribution is assumed to exist in this random field, because the mean and variance of the pore opening sizes of a cross-sectional image were almost constant. Fig. 13 presents the distribution of mean and variance values in one of the cross-sectional images of geotextile P. The mean and variance of the pore opening sizes in the entire image are o ϭ16.55 pixels and o 2 ϭ1.875, respectively.
After recognition of the fibers and pores in the slice, the pore opening size distribution of each individual cross-sectional image was determined using the algorithm developed in Imaq. Imaq has a collection of built-in object measurement methods. Among the methods, the closest one to represent sieve analysis is the shape equivalence method using an ellipse. A detailed explanation of this method is given in Aydilek ͑2000͒. A range of geotextile opening diameters ͑i.e., comparable to the sieve sizes commonly used in a dry sieving test͒ was defined in the algorithm, and each opening size was compared to the minor axis length of an ellipse fitted to the pore. The number of particles given in the output were defined as the number of pore openings having a minor axis length greater than a given diameter, which simulated retaining percentages in the dry sieving test. The process was repeated for the cross-sectional images of all samples of a particular geotextile, and an average PSD was reported. Using a 1 GHz Pentiumbased PC compatible system, the PSD of each geotextile was 
Results
Pore opening size distributions of four nonwoven geotextiles were determined using a new algorithm based on image processing operations derived from mathematical morphology. O 95 pore opening sizes of four geotextiles determined by this method are presented in Fig. 15͑a͒ . The manufacturer's reported AOS (O 95 ) values and the O 95 pore opening sizes determined by Smith ͑1993͒ using the dry sieving test are also presented in Fig. 15͑a͒ . Fig. 15͑b͒ Fig. 15͑b͒ . The analytical approaches, in most cases, suggested significantly higher O 50 values than those determined by image analysis. This difference could be attributed to the presence of few data points used to form the analytical equations as well as to the arbitrary selection of some parameters in the equations.
Conclusions
A number of methods have been developed to determine the pore opening size distribution of nonwoven geotextiles. Current design procedures generally use AOS (O 95 ) using the dry sieving test; however, potential problems exist with this test ͑Smith 1993; Fischer 1994͒, particularly in determining the smaller pore opening sizes. Smaller pore opening sizes may control the filtration performance of a geotextile; therefore, a complete PSD curve of a geotextile is needed. A direct test method such as image analysis, if carried out properly, could provide a more accurate determination of pore opening sizes. However, most of the existing image analysis methods use either planar section images of a geotextile or have the disadvantage of operator dependency.
Because of shortcomings of the existing image analysis methods for PSD determination, a more fundamental evaluation of the analysis was studied and presented in this paper. The method uses various image algorithms and provides a complete pore opening size distribution ͑PSD͒ for nonwoven geotextiles. The two characteristic pore opening sizes, O 95 and O 50 , were determined using the information provided by these PSDs. The determined sizes were checked against the manufacturer's reported AOS values as well as values of O 95 and O 50 based on laboratory tests or analytical work. The following conclusions are advanced: 1. Detailed specimen preparation is necessary for the image analysis of nonwoven geotextiles. A procedure is described in this paper. 2. A new image analysis method was developed using various mathematical morphology algorithms. The method includes the determination of an optimal threshold value for different geotextiles. A separate slicing algorithm, consisting of slicing the cross-sectional images of a nonwoven geotextile in an optimal fashion, has been developed as part of the new method. The image analysis method is unique and can measure fiber thickness and pore opening sizes in a given image. 3. The image-based O 95 pore opening sizes of various geotextiles are comparable to the manufacturer's reported AOS values as well as to those determined from a laboratory dry sieving test. However, the measured O 50 pore opening sizes are lower than the ones determined using the analytical equations developed by two previous researchers.
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Notation
The following symbols are used in this paper: k ϭ fiber thickness; O x ϭ geotextile pore opening size that x percent of pores are smaller than that size; o ϭ mean value of pore opening sizes; and o 2 ϭ variance of pore opening sizes.
